S TRAIN-BASED DESIGN (SBD) is preferred for situations where the loading of a pipeline is due to forces other than the internal pressure and produce large stress and strain in the pipe wall. Under constraint conditions due to the presence of defect, tensile strains are increased due to stress concentration and the critical strain is reduced due to stress triaxiality. Such cases can be considered in design using Defect Assessment Procedures (DAP).
Introduction
Traditional pipeline design methods are stress-based, where the applied stress must remain below the standard minimum yield strength (SMYS). SMYS is generally defined as the stress measured at 0.5% total strain on the stress strain curve. Stress-based design limits the longitudinal strain to less than 0.5%. Stress based design criteria do not provide a good indication of the margin to failure because it ignores the strain hardening capacity of the material. Implantation of pipe lines in harsh environment as artic or deep ocean conditions, induces challenging conditions for design especially in the cases where displacement-controlled loads are the predominant design condition. In this case, strain-based design (SDB) is applied instead of stress-based design to build safer pipelines and to assure the integrity of the lines along their lifetimes. It requires steels to have a large strain hardening capacity, long uniform elongation, and good toughness to achieve a well-defined and sufficient plastic deformation.
ARTICLE INFO
Strain-based design (SBD) is preferred for situations where the loadings of the pipelines are due to forces other than the internal pressure and produce large stress and strain in the pipe wall. Such loadings can be generated by either permanent or transient ground deformation caused by seismic activity, soil subsidence, slope instability, frost heave, thermal expansion and contraction, landslides, pipe reeling, pipe laying, and other types of environmental loading. Therefore SBD is appropriate where the stresses and strains exceed the proportional limit and where the peak design loads will be reduced when the material strains. When strain and stress are not proportional, stress-based methods become very sensitive to details of the material stress strain behaviour and to any safety factors. Strain-based design avoids these problems.
The methodology of SBD is developed in connection with the limit states. There are several limit states associated with SBD : tensile rupture (material limit state) and compressive buckling (material and serviceability limit states).
The fundamental equation for SBD relates the comparison of the applied strain or strain demand e d with the permissible strain or strain capacity e c ε ε
A maximum strain limit of 10% (0.1) is generally applied in the absence of additional engineering information. A safety factor f s is applied on limit strain e l when information is provided and the strain capacity is defined as: Table 1 gives the safety factors according to the safety classes for tension. They are different for compression buckling.
Figure1 gives a diagram of the difference between stress-based design and SBD. Several codes described strain-based design of pipelines. These codes can be placed in three general categories: those that provide a comprehensive overall pipeline standard that includes requirements both for stress-and strain-based design (DNV 2000 [1] , CSA Z662 [2] ), those that specifically allow strain-based design but do not provide extensive provisions related to strain-based design (B31.8 [3] , API 1104 [4] ), and those that provide information on strain-based design related to a specific subgroup of pipelines (API RP 1111 [5] ).
Under constraint conditions due to the presence of defect, tensile strains are increased due to stress concentration and the critical strain is reduced due to stress triaxiality. Such cases can be considered in design using Defect Assessment Procedures (DAP). SBD is now introduced in DAP as recommended method in some code [6] . These methods can be placed in for categories:
• global strain methods based on plastic instability; • local strain method based on local strain criteria taking into account stress triaxiality and loading mode; • description of the strain distribution at defect tip by a strain intensity factor, a notch stress intensity factor or a notch ductility factor; • relation between crack driving force and global strain, the crack driving force is expressed in terms of CTOD or J integral.
The above-mentioned methods are described in the following sections.
Failure strain for ductile failure by void nucleation
The failure strain is not characteristic of material but depends strongly on stress state and stress mode. If we measure the failure strain with notched specimen with different notch radius, one notes that the failure stress increases with the notch radius r as indicated in Fig.2 .
If D 0 is the diameter of the net section of the specimen and Df the final diameter of the same section, the critical strain is defined as:
This phenomenon can be explained by the fact that the modification of the stress radius modifies the stress triaxiality b, defined as the ratio of the hydrostatic stress s m and the equivalent stress s eq .
In the case of a notched specimen as represented in Fig.1 , the stress triaxiality is given by the Bridgman formula:
It can be seen like on Fig.3 that the critical strain e f decreases exponentially with the stress triaxiality according to:
where e n is the nucleation strain and A and B material constant. Several authors [7, 8, 9, 10, 11] have notice that the parameter B has a value close to 1.5.
The critical strain is also influenced by the strain rate and decreases when the strain rate increases but the nucleation strain is few affected by the strain rate. Influence of triaxiality and strain rate can be expressed by the following relationship:
where a is a material constant, n the strain hardening exponent and m is the strain rate sensitivity parameter Fig.4 .
Ductile fracture by voids nucleation and growth
The ductile fracture aspect consists of cup and cones as can be seen in Fig.5 . This aspect results from a mechanism involving void nucleation, growth and ligament instabilities as can be seen on Fig.6 .
Void nucleation occurs according to a local stress or energetic criteria. Void growth is sensitive to stress triaxiality and strain amplitude. Figure 7 indicates that the relative void growth is proportional to stress triaxiality and strain amplitude as mentioned by several authors [12, 13] :
in which r 0 is the initial radius of the particle and r c its value at failure. Void growth rate dr is sensitive to stress triaxiality as described by numerous model such as Rice and Tracey [12] . In this model spherical void of radius r without interactions with other particle increase its size by an increment which depends on stress triaxiality:
where A is a constant and r 0 the initial radius of the particle. Assuming no incompressibility:
in which r c is the size of the voids at failure. Rice and Tracey's [12] law can be written as:
Another form of Rice and Tracey's law can be written as:
where e f,smooth is the failure strain for a smooth specimen. Other criteria are based on damage as Lemaitre's criterion [14] . where s is the exponent of the power damage law and R v some kind of triaxiality parameter. Bonora's criterion [15] is given by:
A comparison of the following model Rice and Tracey (RT) Lemaitre (Lem) and Bonora (Bon) is given in Fig.8 and obtained on 2024 aluminium alloy.
4.Critical strain for shear and ductile fracture
Experimental results (Fig.9 ) indicate that shear ductile fracture does not follow an exponential decrease with triaxiality but is sensitive to loading mode [16, 17] .
Critical strain e f can be described by the following equation for shear fracture:
and for ductile failure by void growth:
in which C and D are material constants.
The azimuthal dependence of the fracture strain envelope is described by six peaks (at generalized tension and compression conditions) and six valleys (at generalized shear conditions). In other words, ductile fracture of solids is more sensitive to shear type of loading. This consideration is based on the observation of many experiments.
Description of the effect of stress triaxiality and loading mode by Wierzbicki and Xue model
In order to have a general description of the influence of the stress triaxiality and loading mode, Wierzbicki and Xue [18] have proposed a model where the loading mode is described by the Lode angle.
The Lode angle can be considered, rather loosely, a measure of loading type. The Lode angle varies with respect to the middle eigenvalue of the stress. The Lode angle is connected to the third invariant of the stress tensor: [10] . There are many definitions of Lode angle that each utilize different trigonometric functions: the positive sine, negative sine, and
This definition allows a graphical representation of the stress state between
One notes the existence of the Lode parameter L:
Wierzbicki and Xue model [18]
In the Wierzbicki and Xue model, the failure strain is sensitive to hydrostatic pressure s m and the Lode Angle q L . Each parameter affects independently the failure strain and is governs by a specific function according to:
in which e f,0 is the reference failure strain
The dependence with the hydrostatic pressure is given by: 
s m,l is the hydrostatic limit pressure as indicated in Fig.10 , and q a material parameter. The dependence with the Lode angle is given by:
In order to get a presentation with six petals, the m qL (q L ) is presented in polar coordinates. 
Fig.13. Critical gross strain versus defect ratio for tensile failure in presence of defect and associated with plastic instability according to Denys (2007).
Fig 14. Critical buckling strain for pipe in bending, Denys [19] .
g is a material parameter. By increasing the values of g one increases the deep of the valleys of the failure strain envelope in shear conditions as indicated in Fig.12 .
5.Critical global strain as a criterion for pipe defect assessment
Strain-based design generally refers to pipeline designs expected to have longitudinal strains greater than 0.5%. Strain-based design encompasses both applied strain demand and strain resistance. At least two limit states are associated with strain-based design: tensile failure and compressive buckling. Strainbased design in recent years has been driven primarily by the need to construct pipelines in the arctic regions, deep-water offshore and other areas with high probability of large ground movements. Cases of in service plastic strain were also observed through the history of pipeline usage due to soil movement on unstable slopes, mining subsidence, and seismic loadings. Confidence developed from the resistance of steel pipelines to these loadings and the understanding of pipe behaviour compared to known strains in installation and test has allowed pipeline designers to include strain-based design for in-service plastic strain.
Tensile failure in the presence of defect is caused by plastic instability. Two kinds of instabilities can be developed:
• for defect less than a critical value, plastic instability with plastic band at 55° of the direction of loading (plate instabilities) are associated with large plastic strain.
• for defect larger than a critical value, instability by striction associated with small plastic strain is developed.
The transition of these two types of instabilities described in Fig.13 has been exploited to develop a critical defect size failure criterion initially associated with a 1% critical gross strain but now with a reduced 0.5% strain.
The strain capacity is affected by material properties, geometry/defect features and interaction between pipes and their surrounding environment. The applied strains usually have large uncertainties. The methods for assessing tensile failure resistance of pipelines by engineering critical assessment become fewer when the plastic strain exceeds 0.005 (0.5%) and fewer still as the strain increases to 0.02 (2%) or more. These engineering critical assessment methods are used to demonstrate the sizes and types of imperfections that can remain in pipes and welds for high-strain service. In compression, the failure modes relate to several varieties of buckling. The entire length of pipeline segment can buckle like an Euler beam, either vertically or horizontally. Alternatively, or in combination with these modes, a pipeline may buckle a local area of the pipe wall. Internal pressure increases resistance to local buckling because the tensile hoop stress creates helps for the pipe to resist the diametrical changes that occur locally at buckling. External pressure reduces the resistance to local buckling. It can also create the possibility of a propagating buckle, a local buckle that extends along the pipe leaving a section of collapsed pipe.
Yield strength should be recognized as an important parameter for assessment of the risk of local buckling, particularly for materials with a strong change of slope in the stress-strain curve near the yield point. Higher yield strength correlates to a lower critical strain for local buckling Fig.14 .
Several codes have provisions that apply to strain-based design of pipelines. The first limited residual longitudinal strain to below 0.002 0.2%) for areas that are not reeled or pulled through a J-tube or have similar displacement-loading conditions imposed. This limit was for global strain as local strain was limited to 0.02 (2%) at areas of variable stiffness. Permanent curvature methods, such as reeling or J-tube installation could have 0.02 (2%) bending strain or 1% with bending and straightening. The safety factor used for the engineering critical assessment of the Northstar pipeline can be used as an example for those cases where very high safety levels are required for strain-based design. There a safety factor of 3 on strain was applied, somewhat higher than the safety factor on buckling from the compression side of the pipe in bending. The use of the "strain based" design criterion in offshore pipeline technology has widely increased in the last years since a general consensus has been developed about the fact that, in many circumstances, it is more valid than a "stress based" design criterion.
6.Critical local strain as a criterion for pipe defect assessment

Description of the stress distribution in a log-log chart
The distribution of the local opening strain distribution in log-log graph exhibits 3 particular zones as one can see in Fig.15 . This local elastic strain distribution is relative to a single notch tensile specimen. • Zone I the maximum strain is related to the stress concentration factor
• Zone II Between zone I and zone III • Zone III where the opening strain s yy distribution versus distance r is governed by a power law
a is the slope of the local opening strain distribution in log-log graph K r, e the notch strain intensity factor.
• Zone IV where the opening strain decreases rapidly.
The boundary between the zones II and II is situated at distance X ef the effective distance. At this distance corresponds the effective deformation e ef . For the local strain distribution in zone III, the producte e ef .(X ef ) a is constant and equal to the notch strain intensity factor K r,e . At critical load corresponds the critical effective deformation e ef,c , the critical effective distance X ef,c and the critical notch strain intensity factor K r.e,c .
The local strain distribution exhibits a maximum e max which decreases exponentially with the notch radius notch (Stress concentration effect). The effective distance increases with notch radius and decreases linearly with depth for small values of a and then parabolic for large values. The a parameter decreases with notch radius as can be seen in Fig.16 .
The critical effective strain varies with the notch depth and the notch radius (Fig.17) .
Application to dents assessment
Plain dents Fig.18 are defined here as damage to a pipe which causes a smooth change in curvature of the pipe wall without reduction of pipe thickness. The dent depth (H) is defined as a distance between undamaged cross section and damaged cross section (see Fig.19 ). In other words, plain dents are defined as dents having no injurious defects such as a gouge and possessing a smooth profile (they are often classified as smooth dents).
The critical variables relating to plain dents are:
• dent depth; • pipe geometry (ratio of diameter to wall thickness); • curvature profile of the dent; • service pressure;
• applied cyclic pressure range.
The depth is the most significant factor affecting the burst strength and the fatigue life of a plain dent. In literature, we have found some acceptability limits of dent depth. Assessment is made generally by empirical rules: if the dent depth is more than one tenth of the pipe diameter, repairing is then mandatory. It has been seen than plain smooth dent depths up to 8% of pipe diameter [21] and possibility 24% [22] do not significantly reduce the burst strength of a pipeline.
The API 579 code [23] treats plain dents. Dents are dangerous if they occur on longitudinal weld seams because then cracks can develop. Several sources report that dented weld seams can have very low burst pressures [24] .
A later study was carried out by the European Pipeline Research Group (EPRG) [25] , which discovered that for plain smooth dents located away from pipe weld seams, dent depths up to 10% of the pipe outside diameter will not fail at membrane stress levels below 72% of the SMYS:
where H = dent depth in the non-pressurized condition in (mm) and D e = pipe outside diameter, in. (mm). Pipe internal pressure tends to push out the dent, thus reducing the dent depth (spring-back phenomenon).
The measured depth on the operational pipeline must be corrected before this criterion can be applied. EPRG found the correlation between the dent depth on a non-pressurized pipe and a pressurized pipe to be as follows [24, 25] :
where H 0 is the depth of the dent in the pressurized condition in (mm). Therefore, the EPRG limit for plain dents in a pressurized pipe is [24, 25] :
Orynyak et al. [26] had proposed that the dent region fails by plastic hinges mechanisms. The ultimate plastic bending moment is then reduced by a factor which depends on dent geometry.
The assessment of a dent can be made using a local strain criterion assuming that the local maximum critical stress e l,c reaches the failure strain e f :
Finite element computing gives the stress distribution ahead of the gouge tip. Using the procedure described previously, the effective stress was obtained and used as a failure criterion. An example of stress distribution at gouge tip can be seen in Fig.20 for the gouge alone and for the gouge and dent defect. One notes that the stress distribution is similar with an important change in slope in zone III of the stress distribution. The similarity between the stress distributions supports the assumption that the combined defect gouge + dent can be treated by the same solution as that of a simple gouge i.e. the Volumetric Method. The high change of the slope in region III is due to the bending moment induced by the movement of dent walls under internal pressure.
One notes that the effective stress decreases with dent depth. The additional bending stress distribution modifies the final distribution and reduces its severity and consequently the stress triaxiality b.
where s m is the hydrostatic stress, and s eq is the Von Mises equivalent stress. Due to the fact that the failure of the pipe is ductile and taking into account the fact that ductile failure is sensitive to stress triaxiality, the average value of the stress triaxiality was computed for the burst pressure:
Here dent assessment is based ased on simple local strain criterion and considers also the dent as an indentation. Based on various assumptions, many criteria for ductile fracture due to deep drawing have been proposed. Here we use the criterion proposed by Oyane et al. [28] :
where e f is the failure strains, s m is the hydrostatic stress, b the stress triaxiality and C 1 and C 2 are the material constants. To determine the material constants C 1 and C 2 in Equn 33, tests have to be performed under two types of stress conditions: uniaxial and plane-strain tension tests. By finite element simulation, I integral is calculated for each element and each deformation step. From Equn 33, it can be assumed that the fracture criterion is satisfied in a given element, provided that I integral reaches the value of one, so fracture occurs [27] .
Strain intensity factor as a criterion for pipe defect assessment
For elastic plastic or ductile fracture, the Russian method M -02 -91 [30] recommends to use a strain fracture criterion based on the strain intensity factor KIe. The strain intensity factor is similar to the stress intensity factor used to describe the stress distribution at a crack tip in linear elasticity. It decreases the strain distribution at crack tip in elasto-plastic situation. The fracture criterion is written:
where K Ie,c is the fracture resistance or critical strain intensity factor. Determination of the critical strain intensity factor is not standardised in the Russian code M -02 -91 and is generally obtained from the stress intensity factor K I : I is a parameter to take into account the biaxiality of loading; n is the strain hardening exponent; p is a parameter characteristic of the material; s y the yield stress and s g the applied gross stress. In the code M -02 -91, fracture resistance K Ie,c evolution with temperature is differently defined in the elastic plastic and ductile domains. The domain limits are defined in Fig.21. s K F is a geometrical parameter which characterise a surface semi-elliptical crack of depth a,length 2c in a plate of thickness t.
The limit temperature of domain II A and II B is determined by the relationship:
The first transition temperature T t,1 determines the limit of domain II B . It is connected to the second transition temperature T t,2 by the following relationship:
The critical strain-intensity factor in the elasto-plastic domain T t,2 < T ≤ T b according to method is given by:
where K Ic * is given by
where Y the geometry correction factor is given by: 
s y Tt is the yield stress at temperature T. Exponent a = (T-T t,2 )⁄70 varies linearly with temperature. In the elasto-plastic domain II B T b < T ≤ T t,1 the critical strain intensity factor is:
b is a parameter and is temperature dependant. 
The parameter of consolidation q is related to mechanical characteristic of the material according to: 
Z is the striction in tension and at temperature T expressed in %. In ductile domain III (T > T t,1 ), the critical strain-intensity factor is given by:
The fact that stable long crack exists in the ductile domain, makes it possible to use simple methods for calculating critical crack size from the ultimate strength or yield stress or the combination of yield strength and ultimate strength. To solve this problem, the method is based on the limit analysis applied to the component as the section with crack is completely plastically deformed. To estimate the plastic limit state, we consider only the primary or mechanical stress, and are not considered secondary stresses caused by caused by temperature fluctuations, junction efforts, the residual stresses and the stresses caused by flanging. Calculations to plastic limit states define the allowable dimensions of the cracks.
Notch ductility factor (NDF)
The strain distribution is characterized (in zone II) by three elements: the effective distance, X ef , the effective strain e ef and the exponent of the power law distribution a. In the past simplified strain distribution has been proposed (Fig.22) .
The major elements of the strain distribution in a log-log chart are given in Table 3 . The notch ductility factor (NDF)from Randall and Merkle [32] is the product of the maximum critical strain and the square root of the notch radius:
r is the defect tip radius and e max,c the critical maximum strain. Similarly, from the real strain distribution the NDF can be defined as:
One note that the Randall and Merkle notch ductility factor at the of leads to higher values than Fig.23 . The values are however sensitive to the geometry and in particular to the ligament size.
SBD based on CDF versus strain or displacement curve
Crack driving force (CDF) represents the energy release rate when a crack emanating from a defect propagates by a small increment da. By a simple energy balance, it represents also the material force or fracture toughness. In fracture mechanics, several CDF are used: the elastic energy release rate G, the J integral and the crack tip opening displacement (CTOD). Due to the fact that SBD is used only in the case where the strains overcome the yield strain, only J and CTOD are used in a CDF-SBD. The Helmoltz free energy P is defined as:
where U is the stored energy and P the external load. According to the above-mentioned definition, CDF is given as the derivative of P with respect to crack increment:
Distribution Effective distance
Effective strain Exponent
Simplified distribution r/2 e max -0.5
Real distribution X ef e ef a > | 0.5| Table 3 . Major elements of the strain distribution in a log log chart [34] .
Rice [33] has demonstrated that CDF can be presented as a contour integral called J:
where S is the contour defined in a x, y coordinate system, W* is the strain energy density, T represents the traction forces and u i the displacements. Crack tip opening displacement (CTOD) is the displacement at the original crack tip and the 90° intercept.
The principle of CDF-SDB is simple: the crack driving force is plotted versus the non-dimensional displacement d⁄d y or nondimensional net strain e e
N Ny
/ , where d y and e N,y are respectively displacement and net strain at yield load. CDF curve exhibits a parabolic part below yield load and linear above. Fracture toughness as critical CDF (CDF c ) is related to the upper limit of this curve. At the admissible strain e ad corresponds the admissible CDF (CDF ad ). The difference between CDF c and CDF ad gives the safety margin.
Strain-based design based on J integral
The J-SBD curve is based the relationship between the non-dimensional applied J integral and the non-dimensional displacement or nondimensional net strain:
where J is CDF expressed in term of J Integral, e y the yield stress, a the defect size, d the displacement, d y the displacement corresponding to a net stress e N equal to yield stress, e N,y the strain at yield stress and E the Young's modulus. One notes that the elastic strain energy release rate corresponding at yield is G y :
Curves according to Equn 51 are sensitive to structure or component geometry and loading mode. Turner [34] has proposed a series of design curves based on the lower bound of different curves associated with different geometry as: 
The effective strain on ligament is relatively complex to define. Turner has given [34] values of some non-dimensional effective strain which are resume in Table 4 , where B is the specimen thickness, b 1 the smallest defect depth, b 2 the greatest defect depth.
Strain-based design based on CTOD
The crack tip opening displacement (CTOD) d is the displacement at the original crack tip and the 90° intercept. It measures the resistance of a material to crack initiation for materials that exhibits some plastic deformation before failure occurs causing the tip to stretch open. The strain base design using critical CTOD (d c ) is used to determine the admissible defect size a ad . This admissible defect size is given by the linear fracture mechanics on the lower part of the design curve and related to the critical stress intensity factor K IC : . 
The CTOD design curve is presented in Fig.25 . However more conservative values of constant C have been introduced [36] .
Conclusion
Defect Aasessment Procedures within SBD exhibits FOUR types of approach:
• a gross strain criterion; • a critical local strain approach; • criteria base on strain distribution at defect tip; • criteria based on CDF versus strain or displacement.
They are above described but due to the large variety a method to choose the appropriate one is necessary.
The choice can be made: (i) according to the degree of conservatism, (ii) independence to geometry and loading mode, and (iii) facility to implement. One does not take into account the notch ductility factor (NDF) which is relatively ancient and not used. It has been cited in this paper for historical point of view. The SBD curves associated with CDF are strongly conservative because this curve has been obtained as the lower bound of different results from specimen with different geometries and loading mode. This approach is easy to use and found in codes and Fracture toughness as JIC and Critical COD can be found easily in data based. SBD using strain distribution at notch tip needs finite element methods particularly in 3D if one intends to take into account out of plane constraint. Effect of geometry and loading mode can be considered using constraint described by Q parameter or stress triaxiality and two parameters fracture mechanics. In this case, one reduces strongly the conservatism, but the analysis is rather complex. This approach needs to establish the material failure master curve which is obtained with a least four different failure tests on different specimens. The local strain approach needs to use the same method i.e. the finite element method. Structure geometry and loading mode is taken into account through stress triaxiality and lode angle. Here, conservatism is relatively limited but the use of Xu and Wierbiecki model of critical strain needs experimental identification of four parameters with mixed loading mode.
The critical gross strain criterion is obtained experimentally by full thickness tensile test. This needs generally high capacity testing machine and test are relatively expensive. Tests in real situation avoid conservatism.
The trend is actually to reduce the cost of SBD and for that local approach with cheap finite element computing are under progress.
